All-polymer solar cells are expected as one of next generation photovoltaics. This paper presents two kinds of polymer/polymer blend solar cells to exemplify the potential advantages compared with conventional organic solar cells. The large difference in the HOMO/LUMO levels of donor/acceptor polymers results in a high voltage, and the large absorptivity up to near-infrared wavelengths allows to increase the photocurrent density. These characteristics are brought by development of a variety of low bandgap polymers. For the further improvement of conversion efficiency, it is a crucial issue to control the phase-separation structure on a nanometer scale.
Introduction
Organic photovoltaics (OPV) is a promising candidate as a resource of renewable energy, and has been attracting attentions of many researchers in wide scientific fields such as photochemistry, electrochemistry, polymer chemistry, and so on. Owing to their great efforts, the power conversion efficiency (PCE) of organic thin-film solar cells has made significant progress during this decade, and over 10% PCEs have been already reported from several research groups. These cells are usually based on bulk heterojunction (BHJ) structures composed of the phase-separated blend with a conjugate polymer and a fullerene derivative. Although a variety of conjugated donor polymers have been synthesized in order to harvest long wavelength sunlight in near-infrared (NIR) region, there are very few electronaccepting materials besides fullerene derivatives that have absorption bands in UV-visible wavelengths, but very little in the NIR.
Recent intensive synthetic work on coupling polymerization of aromatic monomers has produced some low-bandgap polymers (LBP) having both of high electron mobility and large absorptivity in the NIR wavelengths. The development of such high performance LBPs enabled one to try a novel type of photovoltaics, that is, all-polymer solar cells, using blends of an electron-donating polymer and an electron-accepting polymer [1] [2] [3] [4] [5] . Herein, we introduce two examples of polymer/polymer blend solar cells. One is made with a blend of poly(3-hexylthiophene) (P3HT, electron donor) and poly[2,7-(9,9-didodecylfluorene)-alt-5,5-(4′7′-bis(2-thienyl)-2′,1′,3′-benzothiadiazole)] (PF12TBT, electron acceptor). These polymers were chosen because of their favorable HOMO-LUMO potentials. The careful control of the phase-separated structures by thermal annealing allowed us to achieve a large open-circuit voltage V OC of 1.26 V with a high PCE of 2.7%, that is the record for all-polymer solar cells at present. The other example is a blend of P3HT and an LBP which can absorb the wide range of light from visible to NIR over 800 nm; the absorptivity was further enhanced by NIR dye sensitization. These studies show up the potential advantages of polymer/polymer solar cells compared with polymer/fullerene solar cells.
Methods

Measurements 2.1. Materials
A donor polymer of regioregular P3HT (M w = 42,300, regioregularity = 90%) was purchased from Aldrich. An acceptor polymer of PF12TBT (M w = 78,000) was donated from Sumitomo Chemical Co., Ltd.
An LBP of poly{[N, N"-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(di carboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithio-phene )} (N2200, M w = 100,000 -150,000) was obtained from Polyera, and an NIR dye of silicon [IV] naphthalocyanine bis(trihexyl-silyl oxide) (SiNc) was purchased from Aldrich. The chemical structures are depicted in Fig. 1 .
The spectra were measured with a spectrophotometer (Hitachi U-3500) and a fluorescence spectrophotometer (Hitachi F-4500 and Horiba NanoLOG-Symphony).
The JV characteristics of the devices were measured in an N 2 atmosphere in the dark and under illumination with AM1.5G simulated solar light at 100 mW cm − 2 . The photocurrent action spectra were measured with a digital electrometer (Advantest, R8252) under monochromatic light illumination from a 500 W xenon lamp (Thermo-Oriel). The current mode atomic force microscope (C-AFM: Shimadzu, SPM-9600J) was used with a conductive cantilever of Pt/Ir coating. Fig. 1 Chemical structures of materials used in this study.
Preparation
Results
Results and Discussion
Most of studies on OPV have been performed so far by using fullerene derivatives as an electron acceptor [6] [7] [8] . This is because it is hard to find good electron transporting materials as an n-type semiconductor. However, some LBPs are reported to have high electron mobilities. Among them, in the present work, we employed PF12TBT and N2200 as electron-accepting components of the BHJ structure instead of the fullerenes. Figure 2 shows the J-V curves of a P3HT/PF12TBT solar cell under AM1.5G, 100 mW cm -2 illumination from a calibrated solar simulator. The device performance significantly depends on the annealing treatment at an elevated temperature for 10 min. The as-spun film before 
P3HT/PF12TBT binary blend
Sample Preparation
The blend solution of conjugated polymers with a weight ratio of 1:1 was prepared in chloroform (P3HT/PF12TBT) or p-xylene (P3HT/N2200 and P3HT/N2200/SiNc), and then spin-coated on an ITO electrode covered with poly(3,4-ethylenedioxythiophene):poly(4-styrene sulfonate) (PEDOT:PSS). On the top of the blend film, calcium (15 -20 nm) and aluminum (70 -80 nm) were successively evaporated as a counter electrode. For absorption and fluorescence measurements, the blend films were prepared by spin-coating on glass substrates.
annealing shows very small current density J as drawn with the dotted line in Fig. 2 ; J SC is only ca. 1 mA cm -2 even at the short circuit condition. However, J SC is markedly enhanced after annealing at 80 °C as shown with the broken line, and the best value of J SC = 3.9 mA cm -2 is obtained at 140 °C, associated with the large increase in the fill factor FF from 0.25 to 0.55, suggesting the improvement in the collection efficiency of charges generated in the active layer. Thermal annealing at temperatures higher than 140 °C, however, results in the decrease in J SC These features indicate that the photovoltaic efficiency is crucially determined by the phase-separated morphology of donor and acceptor polymers in the blend film.
The annealing temperature dependence of all device parameters is shown in Fig. 3 . The top shows the quenching efficiency  q of the PF12TBT fluorescence; the photoexcited state of PF12TBT is quenched by P3HT through the charge transfer at the interface of P3HT/PF12TBT domains. The  q values are kept very high in the range of 80-90% before and after annealing up to 140 °C, and then gradually decrease at higher temperatures. The high efficiency indicates the well-mixed blend structure with a domain size smaller than the diffusion length of excitons (<10 nm). As shown in Fig. 3b , however, a significant increase in J SC is observed, while keeping the high values of  q . This behavior suggests that the thermal annealing gives rise to two-steps structural changes in the binary blend. In the first step up to 140 °C, the small but phase-separated domains are purified by expelling the minor component polymer chains. The PF12TBT-rich domains in the as-spun film seem to involve minor P3HT chains isolated. They are able to serve as quenching sites of PF12TBT excitons, but cannot contribute to the photocurrent because they have no pathways to transport the charges to the electrode. The annealing treatment makes individual domains homogeneous, keeping the size as small as below 10 nm. In the second step, the thermal annealing over 140 °C brings about enlargement of the phase-separated structures, accompanied with the growth of domain size and the decrease in the area of the interface where effective charge separation takes place. These structural changes reduce all parameters of  q , J SC , and PCE, besides FF as shown in Fig. 3 . The increase in FF even in the second step is explained in terms of the improved charge mobility due to the further purification and the network formation for carrier transport. As a result, the optimum performance is obtained at 177 -2 , V OC = 1.26 V, FF= 0.55, and PCE = 2.7% [5] . It is worth noting that, irrespective of the annealing temperature, this polymer/polymer solar cell shows a very high V OC around 1.2 -1.3 V, owing to the large potential difference between the LUMO level of PF12TBT (−3.5 eV) and the HOMO level of P3HT (−4.8 -−4.9 eV).
P3HT/N2200 and P3HT/N2200/SiNc blends
For organic photovoltaics, it is the critical issue to enhance the conversion efficiency for the NIR light in the range of 700 -900 nm, because the solar spectrum distributes in a wide range from visible to NIR wavelengths, as shown in Fig. 4 . The well-known composite of P3HT and a fullerene derivative, PCBM, has little absorptivity in the NIR region longer than 650 nm. Therefore, a variety of LBPs have been synthesized, consequently, being available for choosing polymers with a preferable bandgap and adequate HOMO/LUMO potentials as electron donor and acceptors [9] [10] [11] . The absorption spectrum of N2200 in Fig. 4 has a wide and broad band in the range of 600 -850 nm, which is complementary distribution with the spectrum of P3HT.
The broken line in Fig. 5 shows the J-V curves of the P3HT/N2200 blend solar cell. The J SC is ca. 3 mA cm -2 , that is smaller than the value for the P3HT/PF12TBT blend mentioned above due to the inadequate morphology, but as large as values reported for polymer solar cells in literatures, probably owing to the high light-harvesting efficiency of this blend film. Figure 6a shows the phase-separated morphology observed by atomic force microscopy. The surface topography displays the so-called island structure with height differences of a few tens nanometer. The current mode image shown in Fig. 6b clearly indicates that the high-lying part corresponds to the P3HT phase, and the low-lying part is the N2200 phase, because the injected hole current preferentially flows through the hole transporting polymer P3HT [12] . In other words, the white domains in Fig. 6a are assigned to P3HT phases, and the surrounding dark domains are N2200 ones. As shown in this figure, the C-AFM can provide very clear contrast distinguished by the local electric property of each component. However, the micron scale domain sizes observed are apparently too large for excitons to reach the interface within the lifetime. Considering the large J SC of 3 mA cm -2 and high fluorescence quenching efficiency  q over 90% (measured by a separate experiment), we conclude that each domain should be P3HT-rich or N2200-rich domains containing the counter polymer as the minor component, similar to the as-spun film of P3HT/PF12TBT blend. Therefore, this binary system still has a large potential to be improved in the current density, if we could find an 178 appropriate method to make more purified and finer phase structures on a nanometric scale. The J SC of the polymer blend can be increased significantly by the addition of an NIR dye, SiNc, as shown in Fig. 5 [13, 14] . This dye has strong absorption bands at 780 nm and fluorescence at 795 nm. From these absorption and fluorescence spectra and ionization potentials measured by photoelectron yield spectroscopy (PYS), the HOMO and LUMO potential levels were evaluated. The bandgap energy and HOMO/LUMO levels for the individual components of the ternary blend are listed in Table 1 . Table 1 Potentials of three components used for ternary blend.
To success in dye sensitization, it is absolutely required that both of the HOMO and LUMO levels are lined up in the order of donor > dye > acceptor so that the positive and negative charges generated at the interface can cascade up and down toward the donor and acceptor polymers, respectively. The present ternary system meets this requirement, as follows. LUMO: −2.7(P3HT) > −4.0(SiNc) >−4.3(N2200) HOMO: −4.7(P3HT) > −5.5(SiNc) >−5.9(N2200). Therefore, upon photoexcitation of SiNc, the electron can transfer to the LUMO of N2200, and the hole can move to the HOMO of P3HT, consequently, the charges are effectively separated at the domain boundary according to the potentials.
The action spectra of external quantum efficiency (EQE) shown in Fig. 7 allow one to discuss the mechanism of dye sensitization. The large increase in the EQE with SiNc is observed not only at the wavelength of dye absorption at 700 -800 nm (arrow 1 in Fig. 7 ), but also at the wavelengths of P3HT absorption around 450 -650 nm (arrow 2). The former increase is due to the light absorption of dye molecules that contribute to the charge generation, on the other hand, the latter increase suggests the presence of energy transfer from P3HT to SiNc.
The EQE spectrum evidences the dye sensitization mechanism as shown in Fig. 8 .
Photoexcitation of SiNc dyes with the NIR light causes charge transfer at the interface of polymer domains, yielding a pair of P3HT polaron and N2200 anion. 2) P3HT units excited by absorption of visible light carry out energy transfer from P3HT to SiNc. Thus produced SiNc excitons undergo charge separation as same as the mechanism (1).
1)
2)
Fig. 7 EQE spectra (upper) and absorption spectra (lower) of P3HT/N2200 binary (broken lines) and P3HT/N2200/SiNc ternary (solid lines) blend films.
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Fig. 8 Schematic illustration of dye sensitization mechanism proposed for P3HT/N2200/SiNc ternary blend films.
Both mechanisms should work cooperatively in the ternary blend films. Of particular importance is the large increase in the EQE, indicating preferential loading of dye molecules at the boundary between the donor and acceptor polymers [15, 16] . As the result, the wide range of wavelengths from visible to NIR is effectively utilized for the photocurrent generation. Nevertheless, the PCE of this blend is still remaining less than 1%. Because both of the donor and acceptor polymers tend to form aggregates exclusively due to their strong cohesive character, the phase-separated structure is not optimized at present [17] . The structural control is surely a challenging subject to develop all-polymer solar cells as the next generation photovoltaics.
Conclusion
This study demonstrated some beneficial characteristics of the polymer/polymer blend solar cells, never expected for polymer/fullerene OPV.
The first blend, P3HT/PF12TBT, gave a large value of V OC , resulting from the large difference between the HOMO/LUMO levels of donor/ acceptor polymers, respectively. The electronic potentials of conjugated polymers are tunable by molecular design of polymers, therefore, calculation and synthetic work provides a lot of feasibility to achieve a large V OC , giving rise to the improvement in PCE.
The second blend, P3HT/N2200, showed large absorptivity over the wide wavelength range from visible to NIR. Both the donor and acceptor polymers are able to contribute light-harvesting, that is further enhanced by the addition of SiNc. Owing to these characteristics, the thickness of active layer is usually adjusted as thin as 100 -200 nm. The thinness is a large benefit of polymer solar cells for the purpose of efficient charge transport and charge collection to the electrodes. Of course, all-polymer solar cells are expected to be fabricated by using easy coating and printing techniques. To make full use of these advantages, and to proceed to the practical stage, it is highly desired to control the size and purity of polymer domains on the process of phase-separation.
